p53 plays a central role in the induction of apoptosis of spermatogonia in response to ionizing radiation. In p53 7/ 7 testes, however, spermatogonial apoptosis still can be induced by ionizing radiation, so p53 independent apoptotic pathways must exist in spermatogonia. Here we show that the p53 homologues p63 and p73 are present in the testis and that p73, but not p63, is localized in the cytoplasm of spermatogonia. Unlike p53, neither p63 nor p73 protein levels were found to increase after a dose of 4 Gy of X-rays. Although p73 protein levels did not increase, its interaction with the nonreceptor tyrosine kinase c-Abl and its phosphorylation on tyrosine residues did. c-Abl and p73 co-localize in the cytoplasm of spermatogonia and spermatocytes and in the residual bodies. Furthermore, c-Abl protein levels increase after irradiation. p63 was not found to colocalize or interact with c-Abl neither before nor after irradiation. In conclusion, in the testis ionizing radiation elevates cytoplasmic c-Abl that in turn interacts with p73. This may represent an additional, cytoplasmic, apoptotic pathway. Although less ecient than the p53 route, this pathway may cause spermatogonial apoptosis as observed in p53 de®cient mice. Oncogene (2001) 20, 4298 ± 4304.
Introduction
In the adult mouse testis the mitotically active spermatogonia are the most radiosensitive whereas spermatocytes, which undergo meiotic cell divisions, and spermatids, that develop into spermatozoa, are more resistant to ionizing radiation (Beumer et al., 1997; Hasegawa et al., 1997; Oakberg and DiMinno, 1960; van der Meer et al., 1992a,b) . After exposure to ionizing radiation, the tumour suppressor p53 is induced in spermatogonia and has been shown to play a central role in DNA damage induced spermatogonial apoptosis (Beumer et al., 1998; Gobe et al., 1999; Hasegawa et al., 1998) .
However, in p53 knock-out mice ionizing radiation still can induce apoptosis in spermatogonia, although most of these cells are more radioresistant than in wild type mice (Beumer et al., 1998; Hasegawa et al., 1998) . Apparently, there is at least one alternative route leading to spermatogonial apoptosis. In this context it is interesting to study the role of the p53 homologues p63 and p73 in the spermatogonial response to ionizing radiation. Unlike p53, p63 and p73 exist in various isoforms that appear to have distinct functions not only in the response to cellular stress but also during embryonic development . Although some truncated isoforms may even exhibit an anti-apoptotic role in speci®c cell types (Crook et al., 2000; Pozniak et al., 2000) , full-length p73 has been shown to be able to induce apoptosis in a p53 independent manner (Soengas and Lowe, 2000) .
p63 has the potential to transactivate p53 responsive genes and induce apoptosis (Yang et al., 1998) but probably mainly has a function during development. The p63 protein has been found to be essential in ectodermal dierentiation during embryogenesis (Mills et al., 1999; Yang et al., 1999) .
The gene encoding p73 has been described as a monoallelically expressed p53 homologue that maps on a region frequently deleted in neuroblastoma and other human cancers (Kaghad et al., 1997) . Besides important roles in neurogenesis, sensory pathways and homeostatic control Yang et al., 2000) , p73 has also been found to activate the transcription of p53-responsive genes (Jost et al., 1997; Nakano et al., 2000) , to inhibit cell growth in a p53-like manner by inducing apoptosis (Jost et al., 1997) and to play a role in E2F-1 induced apoptosis Lissy et al., 2000; Stiewe and Putzer, 2000) . Furthermore, p73 has been found to be activated by the nonreceptor tyrosine kinase c-Abl and to induce apoptosis in response to DNA damage (Agami et al., 1999; Gong et al., 1999; White and Prives, 1999; Yuan et al., 1999) . Earlier reports already described ionizing radiation to cause an increase in c-Abl kinase activity (Baskaran et al., 1997; Shafman et al., 1997) . The exact role, however, of c-Abl in cell death signalling still remains to be elucidated and probably diers between various tissues (Wang, 2000) .
We have now studied the localization and expression levels of p63, p73 and c-Abl in the mouse testis at dierent time intervals after treatment with ionizing radiation. Furthermore, we studied interactions of cAbl with p73 and p63 in the testis before and after irradiation. The results indicate a testis speci®c role for c-Abl and p73, but not p63, in the response to ionizing radiation.
Results
Localization of c-Abl, p63 and p73 in the testis, before and after X-irradiation
The localization of the proteins was studied by way of immunohistochemistry on sections of sham-irradiated testes and testes ®xed at various intervals after a dose of 4 Gy of X-rays.
Staining for c-Abl (Figure 1a ) in the testis was found to be cytoplasmic only. An intense staining was found in spermatogonia and residual bodies. Also spermatocytes and Leydig cells showed a clear staining, whereas other testicular cell types stained only lightly. No changes in immunohistochemical staining for c-Abl were observed after irradiation. The same results were obtained using both the Ab-3 or K-12 antibodies.
p73 staining (Figure 1b ) was also found to be cytoplasmic and to be present in all testicular cells. Like c-Abl, p73 staining was more pronounced in spermatogonia, spermatocytes and residual bodies. Interestingly, a strong nuclear staining appeared in late pachytene spermatocytes after stage VII of the cycle of the seminiferous epithelium. This staining was also present in round spermatids but disappeared in elongating spermatids during stage IX of the seminiferous epithelium. As with c-Abl, immunohistochemical staining for p73 did not change after irradiation. These experiments were repeated using the C-17 antibody that only recognizes p73a. The same results were obtained (data not shown) as with the H-79 antibody which recognizes all p73 isoforms. Therefore it can be assumed that in the testis mainly p73a is expressed.
p63 had a totally dierent expression pattern ( Figure  1c ). No p63 staining was found in germ cells until they became pachytene spermatocytes. Only a light nuclear staining was found in early pachytene spermatocytes but pachytene spermatocytes from stage VII onwards and round spermatids showed an intense nuclear staining. Elongating spermatids were negative for p63. With respect to the somatic cells in the testis, only Sertoli cells showed a very weak nuclear staining. Immunohistochemical staining for p63 did not change at dierent time points after irradiation.
Control sections, in which the primary antibody was omitted (c-Abl Ab-3, p73 H-79, p63) or incubated with blocking peptide (c-Abl K-12 and p73a C-17), showed no staining except for a light interstitial staining caused by horse-anti-mouse secondary antibodies.
Co-localization of c-Abl and p73, but not p63, in the cytoplasm of spermatogonia and spermatocytes and the residual bodies p73 and c-Abl expression patterns in the testis were also studied using confocal laser scanning microscopy.
The individual expression patterns of c-Abl (Figure 1h ) and p73 (Figure 1g ) appeared to be the same as found using immunohistochemistry as did the negative controls. The merged pictures showed that c-Abl and p73 co-localize in the cytoplasm of spermatogonia and spermatocytes and in residual bodies (Figure 1i ).
The same experiments were performed using sections of testes 6 and 24 h post irradiation. No dierences in expression or co-localization of c-Abl and p73 could be observed in these experiments in comparison to the non-irradiated testis.
All these experiments were also performed with c-Abl and p63 (Figure 1d ± f). Again the expression patterns turned out to be the same as those found using immunohistochemistry. The merged pictures revealed that p63 does not co-localize with c-Abl (Figure 1f ).
Protein levels of c-Abl, p63 and p73 in the testis, before and after X-irradiation
To follow changes in protein levels in the testis before and after irradiation, Western blot analysis was performed on whole testis lysates of sham-irradiated mice and of mice at various time intervals post irradiation ( Figure 2 ).
Neither p73 nor p63 levels were found to change after X-irradiation. We detected full-length isoforms with molecular weights, round about 80 kDa, that match to the a forms . For p73 the same result could be obtained using the C-17 antibody which only recognizes p73a (data not shown).
We detected several bands that are likely to represent c-Abl, although the bands below 85 kDa are probably degradation products. However, only one of these bands, of approximately 115 kDa, remained after immunoprecipitation of c-Abl (Figures 2 and 3) . A band of similar molecular weight has been described by Kharbanda et al., 1998 upon immunoprecipitation of c-Abl from isolated male rat germ cells (Kharbanda et al., 1998) . In their paper, however, they do not show the c-Abl labelling pattern of total germ cell lysates. Interestingly, we found c-Abl protein levels to increase in response to irradiation with a maximum at 6 h post irradiation, as shown for all the detected bands ( Figure  2) .
In order to verify that equal amounts of protein were loaded in each lane, the blots were stripped and reprobed with an antibody against a-tubulin. Equal amounts of protein were found to be loaded at each time point post irradiation.
Interaction of c-Abl with p73, but not with p63, in the testis
To further investigate protein interactions with c-Abl before and after treatment with ionizing radiation we immunoprecipitated c-Abl from whole testis lysates using sham-irradiated testes and testes 6 and 24 h post irradiation. Co-immunoprecipitated proteins were investigated using Western blot analysis (Figure 3a ).
First we looked for proteins phosphorylated on tyrosine residues using the PY99 antibody against phosphotyrosine (Figure 3a) . One band with a molecular weight just below 80 kDa was detected that could represent p73. This band was found to be increased at 6 h and again decreased at 24 h post irradiation, sometimes even to a lesser intensity than in the non-irradiated testis. Apart from the band that possibly represents phosphorylated p73 some other bands were also detected in this experiment. Two bands that were not detected in non-irradiated precipitates, with molecular weights between 25 and 49 kDa, appeared at 6 h post irradiation and were found to decrease only slightly at 24 h. Another coprecipitated protein, smaller than 25 kDa, was found to be strongly increased at 6 h post irradiation and decreased at 24 h, still being at a higher level than in non-irradiated precipitates.
In order to con®rm that the phosphorylated band with the molecular weight of p73 could represent p73, Western blot analysis was performed using an antibody against p73 (Figure 3a) . This resulted in a band at the same height as found using PY99. p73 bound to c-Abl was also found to increase 6 h post irradiation but did not decrease 24 h post irradiation, indicating that dephosphorylated p73 still remained bound to c-Abl.
The signal for c-Abl itself behaved similar to the c-Abl signal found in whole testis lysates with a (Figure 3a) . The signal at 24 h was often even lower in intensity than the signal at 0 h, which may contribute to the low intensity of the PY99 signal at 24 h in these experiments.
p63 did not co-immunoprecipitate with c-Abl. This is in accordance with the fact that p63 and c-Abl did not co-localize. For negative controls the immunoprecipitations were performed using beads that were not incubated with an antibody. No proteins were detected in these control samples.
p73 is phosphorylated on tyrosine residues after irradiation
To con®rm that p73 is phosphorylated after irradiation, immunoprecipitations under more stringent conditions (see Materials and methods) were performed using PY99 and the antibody against p73.
p73 was found to be immunoprecipitated with PY99 (Figure 3b) . Only a small band was observed using sham-irradiated testes but more intense bands were found at time points 6 and 24 h post irradiation. p63 could not be detected in this experiment.
Furthermore, with anti-p73 immunoprecipitated p73 could be detected in a Western blot analysis using PY99 (Figure 3c ). Again only a small band was observed at time point 0 h post irradiation and again the signal was found to be increased at time points 6 and 24 h post irradiation. The signal for p73 itself was not found to change after irradiation in this experiment (Figure 3c ). For negative controls the immunoprecipitations were performed using beads that were not incubated with an antibody. No proteins were detected in these control samples.
Discussion
The present results show that in the cytoplasm of mouse male germ cells, protein levels of the nonreceptor tyrosine kinase c-Abl increase in response to ionizing radiation. Subsequently, the interaction of cAbl with p73 is enhanced and p73 phosphorylation on tyrosine residues increased. Until now elevation of cAbl levels has only been described in B cells and interestingly also in the cytoplasm (Zipfel et al., 2000) . Although cytoplasmic c-Abl is often thought to inhibit apoptosis, for instance in muscle cells (Wang, 2000) , our results show cytoplasmic c-Abl to be involved in the apoptotic response to ionizing radiation. These data are the ®rst that show an increase in both c-Abl levels and its interaction with p73 in the cytoplasm after irradiation.
Both c-Abl and p73 were found to be expressed in spermatogonia, spermatocytes and spermatids. While we only detected c-Abl in the cytoplasm, a nuclear localization of c-Abl has been described for isolated rat spermatocytes (Kharbanda et al., 1998) . c-Abl contains both nuclear localization sequences (Wen et al., 1996) as well as a nuclear export sequence (Taagepera et al., 1998) . As c-Abl shuttling between nuclear and cytoplasmic compartments is regulated by cell adhesion (Lewis et al., 1996) this may cause c-Abl to be nuclear in isolated spermatocytes and cytoplasmic in spermatocytes attached to Sertoli cells. From late spermatocytes onwards p73, and also p63, showed a nuclear localization suggesting a function Figure 2 Western blot analysis of p63, p73 and c-Abl in total testis lysates before and after treatment with irradiation showing an increase of c-Abl in response to ionizing irradiation. Arrow indicates bands that remain detectable when c-Abl is immunoprecipitated using K-12 and detected using Ab-3 (Figure 3) . PVDF membranes stained for c-Abl were stripped and reprobed using an antibody against a-tubulin in maintaining genome integrity during meiosis, a role already suggested for p53 (SjoÈ blom and LaÈ hdetie, 1996) . The function of these proteins in spermatids however remains elusive. Interestingly, a testis speci®c c-abl mRNA was found in spermatids only (Meijer et al., 1987; Ponzetto and Wolgemuth, 1985) and we also found c-Abl expression in spermatids, although weak in comparison to other cell types. In c-Abl
mice, however, only few spermatids are formed (Kharbanda et al., 1998) , indicating an indispensable function for c-Abl during meiosis or earlier in spermatogenesis.
The strong expression of c-Abl and p73 in residual bodies is intriguing. Residual bodies exhibit similar protein contents and morphology, as do apoptotic bodies (Blanco-Rodriguez and Martinez-Garcia, 1999) . They are pinched o by the elongated spermatids before they leave the seminiferous tubules and are then, like apoptotic bodies in the testis, phagocytized by Sertoli cells. As residual bodies lack a nucleus, c-Abl and p73 might be involved in the apoptotic processes in these cytoplasmic remnants.
At the moment it is unknown how ionizing radiation activates c-Abl in the testis. Interestingly, reactive oxygen species have been shown to activate cytoplasmic c-Abl (Sun et al., 2000) and consequently reactive oxygen species induced by ionizing radiation might activate cytoplasmic c-Abl in germ cells. The eects of activated c-Abl on apoptosis vary between the dierent tissues and an important determinant in this context may well be the presence of dierent p73 isoforms (Wang, 2000) . In the testis we found c-Abl to interact with the pro-apoptotic p73a.
How p73 induces spermatogonial apoptosis is yet unclear. Unless some of the activated p73 is transported to the nucleus below our detection level it appears to function without directly activating transcription of target genes. In the cytoplasm it might function directly via mitochondria, a route that also has been described for p53 (Marchenko et al., 2000) . Radiation induced spermatogonial apoptosis still occurs in p53 de®cient mice (Beumer et al., 1998; Hasegawa et al., 1998) , and recently various p53 independent apoptotic pathways involving p73 have been described (Soengas and Lowe, 2000) . Importantly, also induction of p73 by c-Abl was found to be independent of p53 (Gong et al., 1999) . Hence, in spermatogonia, cytoplasmic p73 activated by c-Abl, most likely plays a role in an additional, p53 independent, apoptotic pathway.
Regulation and function of both c-Abl and p73 appear to dier in various cell types Wang, 2000) . Whereas most signal transduction studies are performed using cultured cells, we studied the intact testis, showing that c-Abl and p73 exhibit testis speci®c expression and regulation. Although studying cell lines provides invaluable fundamental knowledge, studying the various tissues in vivo will be required for deeper understanding of tissue speci®c aspects of signal transduction and responses to chemoand radiotherapy.
Materials and methods

Animals, irradiation and fixation
The testes of male FvB/NAU mice (Central Laboratory Animal Institute, Utrecht, The Netherlands) of at least 7 weeks of age were locally irradiated with a single dose of 4 Gy of X-rays (Philips, 200 kV, 20 mA, 0.5 mm Cu ®lter). Groups of four mice were sacri®ced by cervical dislocation at 1.5, 3, 6, 9, 12, 18, and 24 h after a dose of 4 Gy. Control mice were sham-irradiated. The animals were used and maintained according to regulations provided by the animal ethical committee of the University Medical Center Utrecht.
For immunohistochemistry and confocal microscopy, one testis of each mouse was ®xed in 4% phosphate buered (pH 6.6 ± 7.2) formaldehyde for 4 h and post ®xed in a diluted Bouin's solution (71% picric acid (0.9%), 24% formaldehyde (37%), 5% acetic acid) for 16 h at room temperature. Tissues were washed in 70% EtOH, dehydrated and embedded in paran (Stemcowax, Adamas Instruments, Ameronger, The Netherlands).
For protein isolation, the contralateral testis of each mouse was frozen in liquid nitrogen, and stored at 7808C.
Immunohistochemistry
Five mm paran sections of testes at dierent intervals after irradiation, were mounted together on a TESPA coated glass slide and dried overnight at 378C. Sections were dewaxed in xylene and hydrated in a graded series of alcohols. After this and in between each following step sections were washed in PBS (phosphate buered saline). The sections were boiled three times for 10 min in 0.01 M sodium citrate, using a microwave oven (H2500, Bio-Rad, CA, USA). Subsequently, sections were incubated in 0.35% H 2 O 2 in PBS for 10 min. Blocking occurred in 5% bovine serum albumin (BSA, Sigma, St. Louis, MI, USA) in PBS containing 5% goat serum (Aurion, Wageningen, The Netherlands), 5% rabbit serum (Aurion) or horse serum (Vectastain Elite, Vector Laboratories, Burlingame, CA, USA) depending on the use of goat-anti-rabbit, rabbit-anti-goat or horse-anti-mouse secondary antibodies respectively. The slides were then incubated with a rabbit polyclonal c-Abl antibody (K-12, Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA), a mouse monoclonal c-Abl antibody (Ab-3, Oncogene Science, Cambridge, MA, USA), a rabbit polyclonal p73 antibody (H-79, Santa Cruz Biotechnology Inc.), a goat polyclonal p73a antibody (C-17, Santa Cruz Biotechnology Inc.) or a mouse monoclonal p63 antibody (4A4, Santa Cruz Biotechnology Inc.) diluted 1 : 25 in PBS including 1% BSA in a humidi®ed chamber overnight at 48C. Incubation with a secondary biotinylated goat-anti-rabbit (Santa Cruz Biotechnology Inc.) or horse-anti-mouse (Vector Laboratories) IgG diluted 1 : 100 in PBS including 1% BSA, was performed in a humidi®ed chamber for 1 h at room temperature. The horseradish peroxidase avidin-biotin complex reaction was performed according to the manufacturer's protocol (Vector Laboratories). Bound antibodies were visualized using 0.3 mg/ml 3, 3'-diaminobenzidine (DAB, Sigma) in PBS, to which 0.01% H 2 O 2 was added. Sections were counterstained with Mayer's haematoxylin. Negative control sections were treated as described above, except that the primary antibody was omitted or incubated for 2 h with blocking peptide (sc-131P, Santa Cruz Biotechnology Inc.) or (sc-7238P, Santa Cruz Biotechnology Inc.) for the c-Abl K-12 and the p73a C-17 antibodies respectively (primary antibody: blocking peptide 1 : 5). Prior to mounting with Pertex (Cellpath Ltd., Hemel Hempstead, UK) sections were dehydrated in a series of graded alcohols and xylene.
Confocal microscopy
For confocal microscopy a similar protocol was used as for immunohistochemistry up until incubation with the secondary antibodies. FITC-labelled goat-anti-rabbit and Texas Red-labelled goat-anti-mouse antibodies (Jackson, West Grove, PA, USA), instead of biotinylated, secondary antibodies were used and PBS was replaced by PBG (0.2% gelatine in PBS). Furthermore the sections were not incubated in 0.35% H 2 O 2 in PBS but instead were incubated in 50 mM glycine in PBS for 30 min. The sections were mounted in VECTAshield (Vector Laboratories) and viewed with a 63X planapo objective on a Leitz DMIRB¯uorescence microscope (Leica, Voorburg, The Netherlands) interfaced with a Leica TCS4D confocal laser scanning microscope (Leica, Heidelberg, Germany). Images were recorded digitally. Negative control sections were treated as described above.
Western blot analysis
Total protein lysates were prepared by homogenizing the testes in a Polytron device (Janke & Kunkel GmbH, Staufen, Germany) in ice cold RIPA buer (PBS with 1% NP40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM phenylmethanesulphonyl¯uoride (PMSF), 10 mg/ml leupeptin, 10 mg/ml aprotinin, 2 mM Na 3 VO 4 , 1 mM Na 2 MoD 4 and 10 mM NaF). Lysates were sonicated on ice for 30 min and cleared by centrifugation. Protein levels were measured using BCA analysis (Pierce Chemical Co., Rockford, IL, USA). Proteins were separated using SDS ± PAGE and blotted onto a polyvinylidene di¯uoride (PVDF) membrane (MilliPore, Bedford, MA, USA).
Western blots were blocked using Blotto-A, containing 5% Protifar (Nutricia, Zoetermeer, The Netherlands) in Trisbuered saline (10 mM Tris-HCl, 150 mM NaCl; pH 8.0), including 0.05% Tween-20 (TBT) and washed in TBT in between each step. First antibodies were diluted 1 : 1000 in Blotto-A. After incubation with secondary antibodies conjugated to horseradish peroxidase (DAKO A/S, Glostrup, Denmark) diluted 1 : 5000 in Blotto-A, the antigens were visualized using chemoluminescence (ECL, Amersham Pharmacia Biotech Benelux, Roosendaal, The Netherlands) and exposure to X-ray ®lm (RX, Fuji Photo Film Co., Ltd, Tokyo, Japan).
Stripping of blots was performed at 508C for 30 min in stripping buer (0.2% SDS, 0.1 M Tris-HCl, 0.01% bmercapto-ethanol). The stripped blots were re-analysed using a mouse polyclonal antibody against a-tubulin (AM-2495-11, InnoGenex, San Ramon, CA, USA).
(Co-) immunoprecipitations
Volumes of testis lysates equivalent to 0.5 mg of protein were taken from whole testis lysates of sham-irradiated testes and testes 6 and 24 h post irradiation and RIPA was added to a total volume of 200 ml with a ®nal percentage of 0.05% SDS for co-immunoprecipitations or 0.5% SDS for immunoprecipitations. Fifteen ml of protein A-agarose beads (50% suspension) (Repligen Co, Cambridge, MA, USA) per sample were washed ®ve times with 1% BSA in PBS. One mg rabbit polyclonal anti c-Abl for co-immunoprecipitations or 1 mg rabbit polyclonal anti p73 or PY99 for immunoprecipitations was incubated with the beads in 300 ml RIPA (0.05% and 0.5% SDS respectively) for 1 h at 48C. Meanwhile, prepared tissue lysates were pre-cleared with washed beads for 1 h at 48C. Pre-cleared tissue lysates were added to the incubated beads or to washed beads for negative controls and incubated for 1 h at 48C in a total volume of 0.5 ml RIPA. After washing three times in RIPA the immune precipitates were analysed (see Western blot analysis). Immunoprecipitated cAbl and p73 were detected using the Ab-3 (Ab-3, Oncogene Science) and H-79 (Santa Cruz Biotechnology Inc.) antibodies respectively. For detection of phosphorylated tyrosine residues a mouse monoclonal antibody (PY99, Santa Cruz Biotechnology Inc.) was used.
